is a transcriptional coactivator and master regulator of mitochondrial biogenesis that exhibits dysregulation in obese subjects. Our aims were: (1) to study PGC-1 levels in pancreas from lean or obese rats and mice with acute pancreatitis; and (2) to determine the role of PGC-1 in the inflammatory response during acute pancreatitis elucidating the signaling pathways regulated by PGC-1. Lean and obese Zucker rats and lean and obese C57BL6 mice were used first; subsequently, wild-type and PGC-1 knockout (KO) mice with cerulein-induced pancreatitis were used to assess the inflammatory response and expression of target genes. Ppargc1a mRNA and protein levels were markedly downregulated in pancreas of obese rats and mice versus lean animals. PGC-1 protein levels increased in pancreas of lean mice with acute pancreatitis, but not in obese mice with pancreatitis. Interleukin-6 (Il6) mRNA levels were dramatically upregulated in pancreas of PGC-1 KO mice after cerulein-induced pancreatitis in comparison with wild-type mice with pancreatitis. Edema and the inflammatory infiltrate were more intense in pancreas from PGC-1 KO mice than in wild-type mice. The lack of PGC-1 markedly enhanced nuclear translocation of phospho-p65 and recruitment of p65 to Il6 promoter. PGC-1 bound phospho-p65 in pancreas during pancreatitis in wild-type mice. Glutathione depletion in cerulein-induced pancreatitis was more severe in KO mice than in wild-type mice. PGC-1 KO mice with pancreatitis, but not wild-type mice, exhibited increased myeloperoxidase activity in the lungs, together with alveolar wall thickening and collapse, which were abrogated by blockade of the IL-6 receptor glycoprotein 130 with LMT-28. In conclusion, obese rodents exhibit PGC-1 deficiency in the pancreas. PGC-1 acts as selective repressor of nuclear factor-B (NF-B) towards IL-6 in pancreas. PGC-1 deficiency markedly enhanced NF-B-mediated upregulation of Il6 in pancreas in pancreatitis, leading to a severe inflammatory response.
Introduction
Obesity is a proinflammatory and epidemic condition associated with insulin resistance and metabolic syndrome [1, 2] . In addition, obesity increases the risk of local and systemic complications and mortality in patients with acute pancreatitis [3] [4] [5] [6] [7] [8] [9] [10] , which has recently become the leading cause of hospitalization for gastrointestinal diseases [11] . Furthermore, necrotizing acute pancreatitis triggers higher expression of proinflammatory cytokines and mortality rate in obese rats than in controls [12, 13] . Although some factors that contribute to the severe inflammatory response in obese patients or animals with pancreatitis have been unraveled, such as increased interleukin-18 (IL-18) levels [14] , deficient adiponectin levels [15] and abundant pancreatitis-associated fat necrosis [16] , the mechanisms behind this enhanced inflammation still remain to be completely elucidated. This prompted us to focus on PPARγ coactivator 1α (PGC-1α), a master transcriptional regulator of mitochondrial biogenesis and oxidative metabolism, as it additionally exhibits anti-inflammatory properties and suffers dysregulation in obese animals and patients [2, 17] .
A relationship between PGC-1α and inflammation has PGC-1 deficiency upregulates IL-6 via NF-B in pancreatitis 49 (KO) mice [2, 17] . In addition, the proinflammatory cytokine expression triggered by tumor necrosis factor-α (TNF-α) was diminished by PGC-1α in C2C12 muscle cells [18] . PGC-1α also reduced Vascular cell adhesion molecule 1 (VCAM-1) and monocyte chemoattractant protein 1 (MCP-1) expression triggered by TNF-α in human aortic smooth muscle and endothelial cells [19] . These anti-inflammatory effects of PGC-1α were ascribed to reduced nuclear factor-κB (NF-κB) activation through decreased phosphorylation of p65 and subsequently less transcriptional activity [2, 18] . Taking into account the known impact of obesity on PGC-1α dysregulation that may affect the inflammatory cascade, our aims were: (1) to study PGC-1α levels in pancreas from lean and obese mice with acute pancreatitis; and (2) to determine the role of PGC-1α in the inflammatory response during acute pancreatitis elucidating the signaling pathways regulated by PGC-1α that may affect the inflammatory response and tissue injury in this inflammatory disorder.
Materials and methods

Animals
Male lean Zucker (Lepr+/Lepr+) rats (318 ± 17 g; n = 8) and obese Zucker (fa/fa) rats (418 ± 19 g; n = 8) were purchased from Charles River (Barcelona, Spain). Lean Zucker rats are genetically identical to the obese Zucker rats used except for the leptin receptor mutation. They were fed a standard laboratory diet and tap water ad libitum. C57BL/6 J PGC-1α −/− mice were originally provided by Dr Bruce Spiegelman (Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, USA) and, following embryo transfer, a colony was established at the Institute of Biomedical Research 'Alberto Sols' (Madrid, Spain) animal facility. Male C57BL/6 J mice purchased from Jackson Laboratory (Bar Harbor, ME, USA) were used, fed either standard chow (lean: 23.4 ± 1.0 g; n = 10) or a high-fat diet with 60% calories from fat (obese: 29.4 ± 1.2 g; n = 10) for 12 weeks. Subsequently, male C57BL/6 J PGC-1α +/+ (23.1 ± 1.1 g; n = 24) and C57BL/6 J PGC-1α −/− (21.1 ± 1.7 g; n = 24) mice as well as female C57BL/6 J PGC-1α +/+ (23.4 ± 1.7 g; n = 9) and C57BL/6 J PGC-1α −/− (20.8 ± 0.8 g; n = 9) mice were used and fed standard diet. The generation and phenotype of PGC-1α KO mice were described previously [20] .
All animals had tap water ad libitum, were housed at 20-22 ∘ C and 50 ± 10% humidity and were subjected to a 12 h light-dark cycle. All animals received humane care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals (NIH publication 86-23 revised 1985). The study was approved by the Ethics Committee of Animal Experimentation and Welfare of the University of Valencia (Valencia, Spain).
Experimental model of acute pancreatitis
Taurocholate-induced acute pancreatitis was produced in Zucker rats. The biliopancreatic duct was cannulated through the duodenum and the hepatic duct was closed by a small bulldog clamp. Acute necrotizing pancreatitis was triggered by retrograde injection into the biliopancreatic duct of sodium taurocholate (3.5%) (Sigma-Aldrich, St. Louis, MO, USA) in a volume of 0.3 ml 0.9% NaCl using an infusion pump (Harvard Apparatus, Holliston, MA, USA). Rats were sacrificed at 0 and 6 h after the infusion of taurocholate.
Cerulein-induced acute pancreatitis was produced in 12-week-old mice. Mice received seven intraperitoneal injections of cerulein (Sigma-Aldrich; 50 μg/kg body weight) at 1 h intervals. Physiological saline was administered to the control group. For blockade of IL-6 receptors, the IL-6 antagonist LMT-28 (Sigma-Aldrich; 1 mg/kg, per oral) was administered 1 h before the first and fourth cerulein injections, as described previously [21] . LMT-28 targets the IL-6 receptor β subunit, glycoprotein 130 (gp130) [21] . LMT-28 was dissolved in 0.5% carboxymethyl cellulose (Sigma-Aldrich). Carboxymethyl cellulose (0.5%) was administered as vehicle. All animals were sacrificed 1 h after the last injection.
Animals were euthanized under anesthesia with Isothesia ® (isoflurane; Henry Schein Animal Health, Dublin, OH, USA) 3-5% and once they were unconscious they were exsanguinated and the pancreas and lungs immediately removed. Death was confirmed by cervical dislocation.
Determination of reduced glutathione (GSH) levels
GSH levels were determined in pancreas tissues spectrophotometrically at 340 nm using glutathione-S-transferase (Sigma-Aldrich) and 1-chloro-2,4-dinitrobenzene (Sigma-Aldrich) [22] . The homogenates were made in perchloric acid (Panreac, Barcelona, Spain) 6%, EDTA (Sigma-Aldrich) 1 mM (100 mg tissue/ml).
Determination of malondialdehyde (MDA) levels
Lipid peroxidation was assessed by the measurement of MDA levels in pancreas tissue according to the high-performance liquid chromatography method of Wong et al [23] .
Myeloperoxidase (MPO)
MPO activity in lung was measured using tetramethylbenzidine (Sigma-Aldrich) as substrate in the presence of hydrogen peroxide [24] .
1 mM EGTA (Sigma-Aldrich) (for superoxide dismutase [SOD]); in 50 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol (DTT; Sigma-Aldrich), 5 mM EDTA (for glutathione peroxidase); and in 50 mM potassium phosphate (pH 7.4) (for glucose-6-phosphate dehydrogenase [G6PDH]). Homogenates were centrifuged at 10 000 × g for 15 min, at 4 ∘ C. Supernatants were used for enzyme activity determination. Cat, SOD, glutathione peroxidase and G6PDH activities were determined using the Catalase Assay Kit, Superoxide Dismutase Assay Kit, Glutathione Peroxidase Assay Kit and Glucose-6-phosphate Dehydrogenase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA), respectively, following the manufacturer's protocols.
Plasma IL-6 levels
A mouse IL-6 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (M6000B, R&D Systems, Minneapolis, MN, USA) was used to measure plasma IL-6 levels, following the indications of the kit. A monoclonal antibody specific for mouse IL-6 was precoated on to a microplate. The coefficient of variations obtained for intra-assay precision were 3.5-6.7%. The sensitivity was 1.6 pg/ml.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
A small piece (approximately 30 mg) of pancreas was excised and immediately immersed in RNA-later solution (Thermo Fisher Scientific, Waltham, MA, USA) to stabilize the RNA. RT-qPCR was performed using an iQTM5 Multicolor Real-Time PCR Detection System (Biorad Laboratories, Hercules, CA, USA). PrimeScript RT Reagent Kit (Perfect Real Time; Takara, Kusatsu, Japan) was used for cDNA generation following kit indications. Five hundred nanograms of RNA was used for reverse transcription using PrimeScript reverse transcriptase in two steps: 15 min at 37 ∘ C and 5 s at 85 ∘ C. The specific primers used are shown in supplementary material, Table S1 . The threshold cycle (CT) was determined and relative gene expression was expressed as follows: fold change = 2 -Δ(ΔCT) , where ΔCT = CT target -CT reference transcript and Δ(ΔCT) = ΔCT treated -ΔCT control. TATA binding protein (Tbp) was used as the reference transcript.
Western blotting
Pancreatic tissues were frozen at −80 ∘ C until homogenization in extraction buffer (100 mg/ml) on ice. The extraction buffer contained 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Igepal ® CA-630, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 50 μM sodium orthovanadate (all from Sigma-Aldrich) and a protease inhibitor cocktail (Sigma-Aldrich) at a concentration of 4 μl/ml.
The following antibodies were used: anti-PGC-1α (1:500; 2178, Cell Signaling Technology, Danvers, MA, USA), anti-catalytic subunit of glutamate-cysteine ligase (anti-GCLc; 1:1000; ab41463, Abcam, Cambridge, UK), anti-NF-κB p65 (1:1000; 8242, Cell Signaling Technology), anti-phospho-NF-κB p65 (Ser 536; 1:1000; 3039, Cell Signaling Technology), anti-histone 3 (1:1000; ab5103, Abcam), anti-phospho-STAT3 (Tyr705; 1:1000; 9145, Cell Signaling Technology), anti-STAT3 (1:1000; 4904, Cell Signaling Technology) and anti-beta tubulin (1:1000; ab7792, Abcam).
Chromatin immunoprecipitation (ChIP)
EZ-Magna ChIP™ HiSens Chromatin Immunoprecipitation Kit (Millipore, Burlington, MA, USA) was used to immunoprecipitate DNA from frozen pancreatic tissues as described by the manufacturer. In brief, 37% formaldehyde was used to crosslink 100 mg pancreas tissue for 10 min. Chromatin was isolated and sonicated for 35 min. Magnetic beads provided by the kit and antibodies against NF-κB p65 subunit (Millipore) were used for immunoprecipitation. Immunoprecipitated DNA was analyzed using qPCR. Primers were designed according to the consensus binding sequence for NF-κB GGGACTTTCC [25] to assess the recruitment of p65 to the promoter region of Il6, Tnf and Il1b genes (see supplementary material, Table S2 ). Immunoprecipitation without anti-NF-κB p65 subunit antibody was performed as a negative control.
Co-immunoprecipitation
Protein-protein interactions were analyzed by coimmunoprecipitation experiments. Whole-cell extracts were prepared and subjected to immunoprecipitation with specific antibody against PGC-1α (sc-518 025, Santa Cruz, Dallas, TX, USA) or a control normal mouse IgG, as previously described [26] . The immunoprecipitates were assessed for the presence of anti-phospho-NF-κB p65 (Ser 536; 1:1000; 3039, Cell Signaling Technology), for levels of Lys acetylation (1:1000; 9441, Cell Signaling Technology) and for mouse IgG (sc-2025, Santa Cruz) by western blotting with specific antibodies.
Histological analysis
Pieces of pancreas and lung were rapidly removed, fixed in 4% paraformaldehyde (Sigma-Aldrich) for 24 h and embedded in paraffin (Sigma-Aldrich). Sections were prepared at 4 μm using an automatic microtome and then stained with hematoxylin and eosin (Sigma-Aldrich) for microscopic analysis. Pancreatic sections were assessed at 20× objective magnification over 10 separate fields for severity of pancreatitis by scoring for edema and inflammatory infiltrate according to the procedure of Van Laethem et al [27] . One-way analysis of variance (ANOVA) was performed first. When the overall comparison of groups was significant, differences between individual groups were investigated using the Scheffé test. Statistical differences are indicated in figure legends.
Results
PGC-1α levels are markedly reduced in pancreas from obese rats and mice at basal conditions and in pancreatitis
In order to assess whether PGC-1α plays a role in obesity and acute pancreatitis, our first approach was to measure its levels in pancreas from lean or obese rats and mice under basal conditions and in acute pancreatitis. Ppargc1a mRNA and PGC-1α protein levels were markedly downregulated in pancreas of obese rats and mice under basal conditions in comparison with lean animals ( Figure 1A ,B and densitometry in supplementary material, Figure S1A ,B). Obese Zucker rats exhibited a marked reduction in PGC-1α levels at 6 h after taurocholate-induced pancreatitis when compared with lean Zucker rats ( Figure 1A ). We previously reported that obese rats with this model of taurocholate-induced pancreatitis exhibit more severe GSH depletion in pancreas as well as a dramatic increase in fat necrosis and enhanced MPO activity in the lungs in comparison with lean rats [16, 28] . PGC-1α Figure 1B , and densitometry in supplementary material, Figure S1B ). The histological analysis of the pancreas from obese mice with pancreatitis showed more injury than pancreas from control mice with pancreatitis (see supplementary material, Figure S1C ). These results prompted us to assess the severity of acute pancreatitis in KO mice deficient in PGC-1α.
PGC-1α deficiency enhances pancreatic inflammation in acute pancreatitis
The intensity of pancreatic inflammation was assessed by histological analysis, which revealed that both edema and inflammatory infiltrate in pancreas were more intense in PGC-1α KO mice than in wild-type mice ( Figure 1C ). Interestingly, even under basal conditions, PGC-1α KO mice exhibited edema and inflammatory infiltrate in the pancreas, which were absent in wild-type mice at basal conditions ( Figure 1C ). In addition, serum amylase and lipase activities were higher in PGC-1α KO mice than in wild-type mice during acute pancreatitis ( Figure 1D ,E).
PGC-1α deficiency leads to NF-κB activation, Il6 upregulation and recruitment of p65 to the Il6 promoter in acute pancreatitis Il6 mRNA levels were dramatically increased (around 10-fold) in pancreas of PGC-1α KO male mice after cerulein-induced pancreatitis in comparison with wild-type mice with pancreatitis ( Figure 2A ). In the case of female mice, the upregulation of Il6 mRNA in pancreatitis was around two-fold in PGC-1α KO mice versus wild-type mice (supplementary material, Figure S2A ). However, although Tnf and Il1b mRNAs were also upregulated in pancreas upon induction of pancreatitis by cerulein, there were no significant differences between PGC-1α KO mice and wild-type mice (Figure 2A and supplementary material, Figure S2A ). In order to determine whether NF-κB activation is involved in the induction of Il6 upon PGC-1α deficiency, nuclear translocation of phospho-65 as well as its recruitment to the Il6 promoter were studied in pancreas from PGC-1α KO mice and wild-type mice in cerulein-induced pancreatitis. The lack of PGC-1α markedly enhanced nuclear translocation of phospho-p65 and also increased the recruitment of p65 to the Il6 promoter, whereas its recruitment to the promoters of Tnf or Il1b were not significantly different between KO and wild-type mice (Figure 2B,C) .
PGC-1α binds the phospho-p65 subunit of NF-κB in the pancreas during pancreatitis
It was previously reported that the p65 subunit of NF-κB constitutively binds PGC-1α in cardiac cells repressing PGC-1α activity towards its target genes [29] . Hence, we performed immunoprecipitation of PGC-1α to assess whether PGC-1α could form a complex with p65 and phospho-p65 in pancreas under basal conditions and in acute pancreatitis. According to our immunoprecipitation studies, PGC-1α was constitutively bound to p65 in pancreas under basal conditions and it is noteworthy that the levels of the complex formed by PGC-1α and phospho-p65 markedly increased during acute pancreatitis ( Figure 2D , and controls for immunoprecipitation in supplementary material, Figure S3A ).
PGC-1α deficiency triggers downregulation of antioxidant enzyme mRNAs in pancreas. Acute pancreatitis triggered PGC-1α acetylation and downregulation of its target genes Taking into account the major role of PGC-1α in the regulation of antioxidant genes, particularly those that encode mitochondrial antioxidant enzymes, and the impact of reactive oxygen species (ROS) homeostasis on NF-κB activity, the mRNA expression of mitochondrial Sod2 and peroxiredoxin 3 (Prdx3), as well as Cat, was measured in pancreas of PGC-1α KO and wild-type mice under basal conditions and during pancreatitis. As expected, the lack of PGC-1α triggered marked downregulation of all Sod2, Prdx3 and Cat mRNAs under basal conditions ( Figure 3A) . Importantly, in cerulein-induced pancreatitis there was a remarkable decrease in the steady-state levels of these three mRNAs only in wild-type mice, but not in KO mice, where mRNA levels were kept low upon pancreatitis, similar to basal conditions, suggesting that cerulein-dependent downregulation of these genes may be associated with PGC-1α inactivation ( Figure 3A) . Furthermore, the activities of Mn 2+ -dependent SOD2 and Cat were measured in the pancreas to assess the impact of their mRNA downregulation; the profile of these enzyme activities was similar to the mRNA expression. Indeed, SOD2 and Cat activities were much lower in pancreas of PGC-1α KO mice than in wild-type mice and these activities markedly decreased in pancreatitis only in wild-type mice but not in KO mice ( Figure 3B ). These results therefore suggest that antioxidant defenses are reduced by cerulein, possibly through the inactivation of PGC-1α.
Taking into account that PGC-1α levels were induced by cerulein but its activity seemed to be reduced, we decided to investigate the levels of PGC-1α acetylation. It has been previously described that in acute pancreatitis, inflammatory cues such as those triggered by cerulein can downregulate sirtuins and their deacetylase activity [30] , which potentially could lead to PGC-1α acetylation and inhibition [31] ; PGC-1α acetylation was assessed in pancreatitis. Figure 3C shows that the levels of PGC-1α acetylation increased in pancreatitis. The decrease in PGC-1α activity was confirmed by assessing the mRNA expression of cytochrome c, another target gene not related to antioxidant genes, which also markedly decreases in pancreatitis (supplementary material, Figure S3B ). These results therefore support that PGC-1α inactivation by acetylation drives 
PGC-1α deficiency enhances glutathione depletion and lipid peroxidation in pancreas during pancreatitis
As the intensity of glutathione depletion in pancreas correlates with pancreatic damage in acute pancreatitis [22, 32] and PGC-1α deficiency might have an impact on GSH levels in pancreas, these levels were measured in PGC-1α KO and wild-type mice. Under basal conditions there were no significant changes in pancreatic GSH levels upon PGC-1α deficiency, but glutathione depletion in cerulein-induced pancreatitis was much more intense in KO mice than in wild-type mice ( Figure 4A ), supporting the relevance of PGC-1α antioxidant control.
To further elucidate the mechanism involved in glutathione depletion upon PGC-1α deficiency in pancreatitis, we also measured the activity of G6PDH, which provides the necessary NADPH reducing equivalents to maintain glutathione levels in the reduced form, as well as protein levels of the GCLc, which catalyzes the rate limiting step in GSH synthesis. Similar to other antioxidants, G6PDH activity was markedly lower in pancreas of KO mice under basal conditions and also in pancreatitis when compared with wild-type mice ( Figure 4B ). Furthermore, G6PDH activity decreased in pancreas from wild-type mice upon pancreatitis when compared with basal conditions ( Figure 4B ). Importantly levels of GCLc were upregulated in pancreas of PGC-1α KO mice under basal conditions in comparison with wild-type mice, consistent with a possibly elevated glutathione turnover, and were dramatically diminished upon pancreatitis, particularly in PGC-1α KO mice, suggesting that PGC-1α plays also a role in keeping GCLc levels ( Figure 4C ).
The antioxidant defense related to GSH and NADPH was also assessed by measuring pancreatic glutathione peroxidase activity, which decreased not only upon PGC-1α deficiency but also upon pancreatitis in both groups ( Figure 4D ). The loss of glutathione peroxidase activity was dramatic in KO mice with pancreatitis ( Figure 4D ). The remarkable decreases in glutathione and glutathione-related activities in pancreas of PGC-1α KO mice prompted us to assess their impact in lipid peroxidation. Consistently, MDA levels as marker of lipid peroxidation were higher in pancreas of KO mice than in wild-type mice during pancreatitis, with no significant changes in basal conditions ( Figure 4E ), a pattern similar to that observed for GSH level.
PGC-1α deficiency increases IL-6 plasma levels and pulmonary damage in pancreatitis
The systemic inflammatory response upon PGC-1α deficiency was evaluated by assessing plasma IL-6 levels as well as pulmonary inflammation and damage. Plasma IL-6 levels increased almost four-fold in PGC-1α KO mice with pancreatitis when compared with wild-type mice with pancreatitis ( Figure 5B) . Accordingly, the STAT3 pathway, which is dependent on IL-6 levels, was also activated in pancreas PGC-1α KO mice with pancreatitis (see supplementary material, Figure S4A ).
MPO activity in lung tissue was measured as a marker of inflammatory infiltrate. It increased only in male or female PGC-1α KO mice with pancreatitis, but not in male or female wild-type mice with pancreatitis ( Figure 5C and supplementary material, Figure S2D ). Pulmonary damage was evaluated by histological analysis, which revealed generalized alveolar wall thickening and collapse in lungs from PGC-1α KO mice with pancreatitis, but rather low alveolar wall thickening and collapse in lungs from wild-type mice with pancreatitis ( Figure 5D ). Moreover, blockade of the IL-6 receptor gp130 with LMT-28 abrogated the increase in pulmonary MPO in PGC-1α KO mice and ameliorated the pulmonary and pancreatic injury according to the histological analysis ( Figure 5A,C,D) . Furthermore, there was a correlation between plasma IL-6 levels and pulmonary MPO activity in wild-type and PGC-1α KO mice (see supplementary material, Figure S4D ).
It is noteworthy that plasma IL-6 levels and pancreatic Il6 mRNA levels were also elevated in obese mice, which exhibit PGC-1α deficiency in pancreas, in comparison with lean mice (see supplementary material, Figure S4B ). 
Discussion
PGC-1α is a transcription coactivator that acts as a master regulator of lipid and glucose oxidative metabolism, mitochondrial biogenesis and detoxifying genes for ROS [2, 29, 33] . Thus, PGC-1α deficiency leads to a metabolic shift towards a more glycolytic metabolism, diminished expression of antioxidant enzymes and enhanced ROS levels in different tissues [29, 33] . PGC-1α was affected by inflammation because TNF-α decreased the expression of PGC-1α in vitro in cardiac AC16 cells and in vivo in the heart of mice overexpressing TNF-α [34, 35] and also because lipopolysaccharide induced its rapid upregulation but a long-term downregulation in different tissues such as heart, kidney and liver [2, 36] . Importantly, the repression of Ppargc1a gene expression under these conditions was rescued by NF-κB inhibition [34, 37, 38] . Furthermore, p65 constitutively binds to PGC-1α in human cardiac cells and mouse heart blocking its transcriptional activity and it is noteworthy that this binding was enhanced upon NF-κB activation induced by TNF-α. PGC-1α also modulates the expression of proinflammatory genes. Thus, PGC-1α markedly diminished the induction of TNF-α, IL-6 and macrophage inflammatory protein-1α triggered by TNF-α in the skeletal muscle cell line C2C12 [18] . PGC-1α repressed TNF-α expression induced by all different toll-like receptor (TLR) agonists, whereas it only diminished the expression of IL-6 when stimulated with TLR1/2 or TLR4 agonists in skeletal muscle cells [18] .
The present work highlights the key role of PGC-1α in the inflammatory response and tissue injury in acute pancreatitis, particularly in Il6 upregulation and in its severe form associated with obesity. Our results show that obesity in mice leads to marked PGC-1α downregulation in pancreas. We may hypothesize that either hypermethylation of the Ppargc1a promoter [39] or downregulation by increased fatty acid levels, particularly palmitate, might be involved in the decrease in pancreatic PGC-1α levels in obese animals [40] . In severe taurocholate-induced pancreatitis in rats there was a decrease in PGC-1α protein levels during pancreatitis, even in lean rats, and in obese rats its levels were dramatically reduced, whereas in mice in cerulein-induced pancreatitis, obesity abrogated the induction of PGC-1α. The lack of induction of PGC-1α in taurocholate-induced pancreatitis might contribute to the enhanced severity of this experimental model. We previously reported that obese rats with this model of taurocholate-induced pancreatitis exhibit more severe GSH depletion in pancreas as well as enhanced MPO activity in the lungs in comparison with lean rats [16, 28] . Moreover, other authors previously reported an enhanced pulmonary inflammatory response in ob/ob mice with cerulein-induced pancreatitis in comparison with control mice [41] .
The role of PGC-1α deficiency in pancreatitis has been demonstrated here using PGC-1α KO mice, which exhibit marked upregulation of Il6 in pancreas and an increase in circulating levels of IL-6 after induction of pancreatitis. NF-κB nuclear translocation and recruitment of p65 to the Il6 promoter drives IL-6 upregulation, which strikingly seems to be specific to this cytokine as no significant upregulation was found for Tnf or Il1β. Thus, PGC-1α selectively modulates NF-κB and seems to function as a specific NF-κB repressor towards IL-6 (see Figure 6 ). Furthermore, our results suggest that PGC-1α binds p65 and phospho-p65 in the pancreas and the complex with the latter is much more abundant during pancreatitis, which restrains its transcriptional activity towards Il6 (see Figure 6 ).
The increase in circulating IL-6 levels would justify the systemic inflammatory response evidenced by pulmonary infiltrate and injury found in PGC-1α KO mice, in accordance with previous reports [42] and as explained below.
Importantly, the dramatic decrease in antioxidant defenses triggered by PGC-1α deficiency that results in overt oxidative stress in cerulein treated mice probably contributes to the inflammatory process, in particular to NF-κB activation, and further promotes tissue damage.
Hence, the combined increase in IL-6 levels with pancreatic PGC-1α deficiency would explain the enhanced systemic inflammatory response and tissue injury in the disease when high serum IL-6 levels are found in patients and particularly in obese subjects.
Indeed, serum levels of IL-6 are considered a reliable marker for severity in acute pancreatitis [43, 44] and so far IL-6 secretion during the early course of this disease has been considered to be controlled by NF-κB mainly in recruited myeloid cells [45] . Accordingly, IL-6 KO mice exhibited reduced circulating levels of CXCL1, pulmonary inflammatory infiltrate and acute lung injury during severe acute pancreatitis, whereas wild-type mice exhibited 40% mortality; administration of recombinant IL-6 promoted acute lung injury and enhanced death rate [45] .
IL-6 belongs to the family of gp130 ligands and transmits its signals not only through binding to the ubiquitous gp130 receptor, but also to its specific membrane-bound receptor IL-6R and to soluble IL-6R. Thus, IL-6 may activate STAT3 through two different mechanisms, either by binding to membrane receptors gp130 or IL-6R or by complexation with soluble IL-6R (sIL-6R), which is called IL-6 trans-signaling [45] [46] [47] . The IL-6/sIL-6R complexes require kinase Jak-2 to activate the transcription factor STAT3 through phosphorylation at Y705 [48, 49] , as we report here, which contributes decisively to the systemic proinflammatory action of IL-6 through upregulation of CXCL1. The systemic effects of secreted IL-6 in pancreatitis seem to be mediated by trans-signaling after complexation with sIL-6R that triggered persistent and strong STAT3 phosphorylation in the pancreas and high circulating levels of neutrophil attractant CXCL1, which mediated leukocyte infiltrate into the lung and promoted acute lung injury [45] . Hence, the IL-6 trans-signaling/STAT3/CXCL1 pathway but not classical IL-6 signaling seems to mediate IL-6-dependent acute lung injury in acute pancreatitis [45] . Our findings assessing the blockade of the gp130 receptor confirm the fundamental role of IL-6 induction in the pulmonary inflammatory response in acute pancreatitis of PGC-1α-deficient mice (see Figure 5 ). Moreover, upon PGC-1α deficiency IL-6 is associated with enhanced injury in the pancreas, probably due to the severe glutathione depletion, together with the dramatic failure of G6PDH and the enzymatic antioxidant defenses. Although it is well known that NF-κB activation in pancreas is a major event during the early course of acute pancreatitis, its global impact is context-dependent as NF-κB seems to be a double-edge sword in this disease, depending on its basal activity, its short-or long-term transcriptional effects, the intensity of its activation or the presence of specific coactivators or co-repressors, such as PGC-1α that selectively modulates its transcriptional activity towards IL-6. Although numerous studies during the last decades highlight the key contribution of NF-κB activation in pancreatic acinar cells to the local and systemic inflammatory response in acute pancreatitis, including infection [50] [51] [52] [53] [54] [55] [56] [57] , more recent work has also shown a protective role of basal NF-κB activity in pancreatic acinar cells [58, 59] . Thus, selective deficiency of RelA in exocrine pancreas markedly aggravated acinar cell injury and death in acute pancreatitis also enhancing the systemic inflammatory response, particularly in the lung [58] . Moreover, constitutive and specific activation of NF-κB in exocrine pancreatic cells protects against acinar cell death and injury in acute pancreatitis by providing a preconditioning phenotype with upregulation of protective PAP1 and Spi2a, the homolog of the human alpha1-antichymotrypsin [59] . In summary, our findings provide new insights into the regulation of NF-κB transcriptional activity by specific co-repressors, such as PGC-1α, and help to integrate and clarify the complex role of NF-κB within the context of the inflammatory process during acute pancreatitis, particularly in obesity.
In conclusion, the present work demonstrates the key role of PGC-1α in the inflammatory response in acute pancreatitis, particularly in its severe form associated with obesity. Obesity in mice leads to marked pancreatic PGC-1α downregulation and abrogates the induction of PGC-1α during pancreatitis. Our results suggest that PGC-1α binds phospho-p65, acting as a selective repressor of NF-κB towards Il6 in the pancreas. Thus, PGC-1α deficiency triggers NF-κB-mediated upregulation of Il6 in pancreas and an increase in IL-6 circulating levels during pancreatitis, leading to an enhanced local and systemic inflammatory response. Hence, our results may unravel what is behind the elevated IL-6 levels as markers of severity in acute pancreatitis, and the combined increase in circulating IL-6 levels with pancreatic PGC-1α deficiency might explain the enhanced systemic inflammatory response and tissue injury in the disease when high serum IL-6 levels are found in patients, particularly in obese subjects. 
